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Abstract 
Fouling is recognized as a serious challenge in reverse osmosis desalination and in different 
membrane-based separation technologies. Membrane fouling not only reduces the permeate flux 
and the membrane productivity but also significantly decreases the membrane lifespan, increases 
the energy and feed pressure requirement, and increases membrane maintenance and 
replacement costs. As a result, the consequences of membrane fouling have always stimulated 
research investigations into different fouling mitigation strategies. In this context, application of 
ultrasound is an effective technique that can be used as an external aid for both membrane fouling 
control and membrane cleaning. The purpose of this review paper is to provide an updated and 
comprehensive review of ultrasound as an effective tool for membrane flux enhancement and 
membrane cleaning. In addition to briefly discussing the mechanisms of membrane fouling, 
theories related to ultrasonic waves, acoustic cavitation, cavitational collapse, and ultrasound-
induced effects are addressed. The key challenges in industrial application of ultrasound for flux 
enhancement and membrane cleaning are also discussed.   
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Highlights 
 An updated review of ultrasound-assisted membrane fouling mitigation is provided 
 Mechanisms of membrane fouling are briefly addressed 
 Theoretical aspects of ultrasound are discussed 
 Application of ultrasound for flux enhancement and membrane cleaning are reviewed 
 Challenges of ultrasound application in membrane-based processes are discussed 
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1. Introduction 
Membranes are of immense importance in industrial separation processes and are extensively 
used in a wide range of applications including desalination [1–6], wastewater treatment [7–12], 
food and beverage processing [13–17], biotechnology [18–20], and petrochemical processing 
[21,22]. Membrane-based separation processes are typically characterized by advantages such 
as selective separation, low space requirement, process and plant compactness, low chemical 
requirement, operational simplicity, and ease of process automation [23,24]. Despite these 
advantages, permeate flux decline is one of the main limitations in membrane-based 
technologies. The flux decline is mainly attributed to the concentration polarization and membrane 
fouling phenomena [25]. Concentration polarization occurs due to solute build-up in the mass 
transfer boundary layer near the membrane rejection surface and results in decreased effective 
transmembrane pressure (TMP) owing to the generation of osmotic back pressure [26,27]. On 
the other hand, membrane fouling is a complex phenomenon that involves deposition of materials 
on the membrane surface or within the membrane pores [28]. While concentration polarization is 
essentially reversible [29], membrane fouling presents a greater challenge and contributes 
significantly to the decline in flux, productivity, and membrane lifespan, increase in the energy 
consumption due to high feed pressure requirement, and increase in the membrane maintenance, 
cleaning, and replacement costs [23]. Therefore, research investigations into fouling control and 
membrane cleaning methods are of considerable importance.  
Fouling control methods aim to decrease the likelihood of membrane fouling. Often pretreatment 
methods are used as preventative measures for controlling membrane fouling. These include the 
use of prefilters, screens, precipitation, coagulation, flocculation, or chemicals to reduce the 
amount of foulants in the feed [30–33]. In addition, membrane surface modification may be 
performed to lower the affinity of foulants for the membrane surface [30,34–39]. Membrane fouling 
can also be controlled by optimizing the operating conditions such as pH, temperature, pressure, 
and hydrodynamics [30,34]. Other methods to control membrane fouling rely on enhancing the 
shear on the membrane surface. These methods include gas bubbling, rotating disks/rotors, 
rotating membranes, and vibratory systems [30,40,41]. Despite being effective, scale-up and 
equipment cost are major challenges in industrialization of the shear-enhanced fouling control 
methods [41].  
Membrane cleaning methods are typically used when fouling control methods fail and the 
membrane must be cleaned for full or partial removal of the foulants. Cleaning methods may be 
classified into chemical or physical methods. Chemical cleaning methods involve application of 
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chemical agents such as caustic soda, oxidants, acids, chelates, or proprietary surfactants in 
order to weaken cohesion forces between the foulants and the membrane surface [42]. These 
methods usually require large amount of chemicals, pose safety concerns, cause damage to the 
membrane, and generate waste streams that result in secondary pollution [30]. Physical cleaning 
methods, on the other hand, involve application of hydraulic or mechanical cleaning forces in 
order to loosen and detach the foulants [43]. This may include cleaning the membrane using a 
hose pipe, sponge, or brush that requires significant physical effort [27]. Backwash has proved to 
be an effective physical cleaning method. However, it is only applicable to tubular and hollow fiber 
membranes due to high pressure durability requirement [30,44]. In addition, hydraulic flushing 
(forward and reverse) can be used that involves removal of surface deposits using a rinsing 
solution. However, flushing method is typically employed after the foulants have been loosened 
by other cleaning method such as chemical cleaning and backwash [43]. Also, both flushing and 
backwash require periodic process shutdown.   
Ultrasound application provides an alternative technique for membrane fouling control and 
membrane cleaning in desalination and water treatment. Although there are numerous 
experimental studies on the use of ultrasound in different membrane-based technologies, only 
few technical reviews exist in the literature [27,30,45]. This review paper outlines the theory and 
mechanisms of membrane fouling and ultrasound irradiation and aims to provide an updated and 
comprehensive review of ultrasound-assisted membrane fouling mitigation. The key challenges 
related to ultrasound application in membrane processes are also discussed. 
2. Theory and mechanisms of membrane fouling 
Membrane fouling is a challenge in both pressure-driven membrane processes such as 
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) and 
osmotically-driven membrane processes such as forward osmosis (FO) and pressure-retarded 
osmosis (PRO). Fouling is also inevitable in other membrane-based processes including 
membrane bioreactor (MBR) and membrane distillation (MD). An understanding of membrane 
fouling fundamentals and the involved mechanisms is crucial to the development of novel 
approaches for fouling control and membrane cleaning. Therefore, this section outlines the 
fundamental concepts in membrane fouling.  
Membrane fouling is a complex phenomenon that involves physical and chemical interactions 
between the different foulants present in the feed and between the foulants and the membrane 
surface. The overall effect of fouling is to decrease the active membrane area or increase the 
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resistance across the membrane leading to a decreased flux for a given TMP. In general, 
membrane fouling may occur in the form of adsorption, pore blockage, particle deposition, or gel 
formation [28]. Adsorption refers to specific interactions between the foulants and the membrane 
surface or the membrane pore walls that result in an increased hydraulic resistance. Pore 
blockage, on the other hand, involves plugging of the membrane pores that results in a decreased 
flux across the membrane. Deposition of foulants simply refers to the layer by layer accumulation 
of foulants on the membrane surface that offers an additional hydraulic resistance known as cake 
resistance. In case of fouling due to gel formation, cross-linked three-dimensional networks of 
deposited particles, such as macromolecules and colloidal substances, are formed on the 
membrane surface. The gel layers lack of connectivity between the pores and, therefore, present 
high resistance for mass transport across the membrane [46]. Accumulation of foulants on the 
surface is often termed as external fouling while fouling within the membrane pores is also known 
as internal fouling.   
 
Fig. 1. The three stages of flux decline due to membrane fouling. Stage I: quick initial decline, stage II: 
long-term steady decline in flux, stage III: time-independent steady-state flux (adopted from [47]) 
The typical flux-time curve depicted in Fig. 1 [47] highlights the serious consequences of 
membrane fouling in UF and MF processes. Typically, the flux decline occurs in three stages. In 
stage I, there is a quick flux decline due to rapid pore blocking at the start-up of the process. In 
stage II, the flux further declines which is attributed to the formation and growth of the cake layer. 
The flux continues to decline in this stage as the cake layer grows and becomes thicker. In stage 
III, the process reaches steady-state and the cake grows to its equilibrium thickness [47]. The 
difference between the initial pure water flux and the steady-state flux can be very large. For 
instance, in UF and MF, the steady-state flux obtained is usually less than 5% of the pure water 
flux [28].    
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Different types of foulants may be encountered in membrane-based separation processes 
depending on the characteristics of the feed water. Generally, the foulants are classified into the 
following four types [23]: 
 Organic foulants: These consist of dissolved or colloidal organic matters that are 
deposited/adsorbed on the membrane and include humic acid, fulvic acid, peptides, 
proteins,  polysaccharides, and many others  
 Inorganic foulants: These include dissolved or sparingly soluble inorganic components 
that precipitate due to pH changes or due to oxidation. Examples include calcium sulfate, 
calcium carbonate, silica, iron, manganese, etc. 
 Particulates/colloids: These include organic and inorganic particles or colloids that 
accumulate on the membrane surface, block the pores, or form cake layer, for example, 
suspended solids, silt, and clay  
 Microbiological organisms: These cause biofouling by adhesion and growth of bacterial 
and fungal species and excretion of extracellular materials 
Membrane fouling is affected by a number of factors such as material, type, pore size distribution, 
and surface characteristics of the membrane, feed solution chemistry, and hydrodynamics of the 
membrane process [28].  
2.1. Organic fouling 
Organic fouling is typical in membrane-based separation processes due to the ubiquitous 
presence of dissolved organic matter (DOM) in surface water, wastewater, and sewage. DOM 
can be categorized into: (1) natural organic matter (NOM) that are produced through metabolic 
reactions in drinking water sources, (2) synthetic organic compounds (SOC) that are discharged 
into wastewater streams from household and industries, and (3) soluble microbial products (SMP) 
that are formed during biological water treatment [23]. In case of NOM, the major constituents in 
surface or ground waters are humic substances (humic acids, fulvic acids, and humin) formed by 
decomposition of plant and animal residues [48]. Humic substances contain both aromatic and 
aliphatic components of carboxylic and phenolic functional groups. Also, NOM constitutes non-
humic fractions that are composed of transphilic acids, amino acids, proteins, and carbohydrates 
[49]. NOM can cause organic fouling in several ways. It can deposit or adsorb within the 
membrane pores, form a gel layer on the membrane surface, or bind other particles to form 
NOM/particle fouling layer on the membrane surface [50]. In addition, organic fouling may be 
caused by transparent exopolymer particles (TEPs) primarily formed from polysaccharides 
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excreted by microalgae [51]. Also, effluent organic matter (EfOM), composed of NOM and SMP, 
from biological wastewater treatment can cause organic fouling of membranes. EfOM may contain 
compounds such as polysaccharides, proteins, enzymes, nucleic acids, antibiotics, and steroids 
[23]. Organic fouling, in general, is a complex phenomenon that is  significantly affected by the 
feed water chemistry, foulant-membrane surface interactions, and foulant-foulant interactions 
[52]. Adsorption is considered to be the key mechanism in the initial buildup of organic fouling 
layer. Also, the molecular size and the hydrophilicity or hydrophobicity of NOM play a key role in 
the organic fouling of membranes and the resulting flux decline [53].   
2.2. Inorganic fouling 
Inorganic membrane fouling is often termed as ‘mineral scaling’. It is caused by the presence of 
high concentrations of inorganic compounds in the feed water. Some common examples of 
inorganic foulants with low solubility include calcium sulfate (CaSO4), calcium carbonate (CaCO3), 
barium sulfate (BaSO4), and silica (SiO2). The main cationic species that account for inorganic 
fouling include Ca+2, Mg+2, Fe+3, and Al+3. On the other hand, the main inorganic species that are 
in equilibrium with potential scaling components typically include OH-, F-, CO3-2, SO4-2, 
orthophosphate, and silicic acids [23]. Inorganic fouling or scale formation on the membrane 
surface is governed by both crystallization and transport mechanisms. Crystallization occurs as a 
result of ion precipitation on the membrane surface. This happens when the activity of ions in the 
feed water is above the saturation limit, that is, the feed is supersaturated. Scaling due to 
crystallization occurs by two possible pathways: bulk (homogeneous) crystallization and surface 
(heterogeneous) crystallization. In bulk crystallization, crystal particles deposit on the membrane 
surface and form a cake layer after being formed in the bulk phase through homogeneous 
crystallization. Supersaturated solutes allow for agglomeration of scale-forming ions due to 
random collisions in the bulk phase. The cluster of ions coalesces and results in precipitation after 
growing above a critical size. In case of surface crystallization, crystals are directly formed on the 
membrane surface and scale formation takes place through lateral growth of crystals [54,55]. Fig. 
2 depicts the bulk and surface crystallization phenomena. 
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Fig. 2. Mechanism of bulk and surface crystallization (modified after [54]) 
Inorganic fouling is affected by a number of factors such as membrane surface roughness, the 
region and degree of supersaturation, shear across the membrane, TMP, and the feed solution 
chemistry [54]. Membranes with rough surfaces are more prone to inorganic fouling than those 
with smooth surfaces. This is because higher surface roughness increases the surface free 
energy which consequently increases the adhesiveness of the membrane. Inorganic fouling also 
tends to increase at high degrees of supersaturation, low shear rates, and high TMP. Also, 
inorganic fouling is more severe with feed water containing particles of smaller sizes and higher 
concentrations.     
2.3. Colloidal Fouling 
Based on their size, particulate or colloidal matter is typically classified into: (1) settleable solids 
(> 100 μm), (2) supra-colloidal solids (1 μm to 100 μm), (3) colloidal solids (10 Å to 1 μm), and (4) 
dissolved solids (< 10 Å) [23,56]. Typical examples of inorganic colloids include silt, aluminum 
silicate clays, colloidal silica, elemental sulfur, precipitated iron, and corrosion products [23]. 
Organic colloids, on the other hand, include proteins, carbohydrates, fats, oils and greases 
[57,58]. In membrane processes, permeate flux is the main mechanism for the transport of 
colloidal particulates from the bulk feed to the membrane surface. At the same time, cross flow 
induces reverse transport of colloids from the membrane surface to the bulk feed. This reverse 
transport is usually governed by Brownian diffusion, shear-induced diffusion, turbulent transport, 
particle rolling, inertial-lift forces, and particle-particle interaction forces [59].  
In case of non-porous membranes, such as RO and NF membranes, colloidal fouling is caused 
by accumulation of particles on the membrane surface resulting in cake layer formation. This 
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results in an increased hydraulic resistance and a corresponding decline in the transmembrane 
flux. In case of porous membranes, such as MF and UF membranes, the pore size is large enough 
to allow for pore plugging. Therefore, colloidal fouling is caused by both pore plugging and surface 
accumulation [54]. 
It has been reported that only very small colloidal matter is of major concern in membrane fouling 
since colloids with size greater than 0.45 μm can be easily removed by backwashing [23,60]. The 
physiochemical properties and surface charge of colloids significantly depends on the feed 
solution chemistry such as pH, ionic strength, and ionic composition [58]. Therefore, feed solution 
chemistry is an important factor in colloidal fouling. In addition, colloidal fouling also depends on 
membrane properties. Smooth and more hydrophilic membranes with low surface charge tend to 
exhibit better colloidal fouling resistance at the initial fouling stage [58,61–63]. Also, colloidal 
fouling depends on the hydrodynamic conditions with fouling being more severe at high flux and 
low cross-flow velocity [58].  
2.4. Biofouling 
Biofouling is a consequence of the deposition, growth, and metabolism of microbiological cells 
(bacteria, algae, protozoa, and fungi) or flocs and the development of biofilm on the membrane. 
Biofouling is considered as a contributing factor to more than 45% of all membrane fouling [64] 
and, therefore, represents a serious operational problem in membrane-based processes.  
Biofouling is initiated through attachment of microbiological cells to the membrane surface that 
leads to biofilm formation. After attachment, the microbiological cells multiply and grow at the 
expense of feed nutrients and/or the organics adsorbed on the membrane surface. At the same 
time, extracellular polymeric substances (EPS) are excreted that anchor the microbiological cells 
and allow for further colonization on the membrane surface. After growth, the cells detach and 
disperse to the new sites on the membrane surface in order to reinitialize the biofilm formation 
[65]. Fig. 3 depicts the biofilm formation on a solid surface. 
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Fig. 3. Biofilm formation on solid surface (modified after [65]) 
The formation of biofilm is stepwise and includes: (a) formation of a conditioning film by absorption 
of organic species (macromolecules, proteins, etc.) on the membrane surface, (b) transport of 
microbiological cells from the bulk feed to the conditioning film, (c) attachment of cells to the 
membrane surface, and (d) formation of biofilm by cell growth [66].  The attachment of cells is 
affected by the membrane properties such as material, roughness, hydrophobicity, and surface 
charge. In addition, the characteristics of the microbiological cells and the feed water also affect 
the attachment of cells to the membrane surface [23,66].  
EPS play a significant role in biofouling. These substances are usually high molecular weight 
secretions of the microbiological cells such as polysaccharides, proteins, nucleic acids, and lipids. 
EPS can be classified into bound EPS and soluble EPS (or SMP). Bound EPS are strongly bound 
to the microbiological cells while soluble EPS are loosely bound and occur mainly as dissolved 
substances in the bulk feed. EPS contain both hydrophilic and hydrophobic functional groups 
which allows for their deposition on both hydrophilic and hydrophobic membranes. EPS provide 
a means of binding the cells together in the form of three-dimensional matrices. In addition, EPS 
affect the structural stability of the biofilms and the stability, adhesion ability, and the surface 
characteristics of the microbiological cells [66].  
3. Theoretical aspects of ultrasound  
3.1. Ultrasound phenomenon  
Ultrasound, also known as ultrasonic wave, or ultrasonic sound, is a sound (acoustic) wave 
traveling at a frequency higher than 20 kHz that is above the normal human hearing range [67]. 
In comparison with the audible sound, ultrasound is characterized by the ability to generate 
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special physical and chemical effects by transmitting high mechanical power via small mechanical 
movements [45,68]. Fig. 4 shows a typical ultrasonic wave whose key parameters are defined in 
Table 1.  
 
Fig. 4. Schematic diagram of an ultrasonic wave consisting of a series of compression and rarefaction 
waves (propagation is from left to right) 
As depicted in Fig. 4, ultrasound propagates through a fluid by a series of compression and 
rarefaction (expansion) waves. As a consequence of such propagation, the molecules in the fluid 
are subjected to compression and rarefaction cycles parallel to the direction of wave propagation. 
This creates an acoustic pressure (Pa) in addition to the hydrostatic pressure (P0) of the fluid. The 
acoustic pressure created is given by the following equation [25]: 
 tfsinPP Aa 2            (1) 
Where, PA, f, and t represent the acoustic pressure amplitude, frequency, and time, respectively. 
  
12 
 
Table 1 
Definitions of ultrasonic wave parameters [68] 
Parameter (Symbol, unit) Definition 
Wavelength (λ, m) Length for one pressure oscillation 
Time period (Ta, s) Time for one pressure oscillation 
Frequency (f, Hz) Number of pressure oscillations per unit time (f = 1/Ta) 
Ultrasound power (P, W) Time rate of ultrasonic energy passing through a surface 
perpendicular to the direction of propagation  
Ultrasound speed (c, m/s) Distance of propagation per unit time (c = fλ) 
Ultrasound intensity (I, W/m2) Ultrasonic energy passing a unit surface perpendicular to the 
direction of propagation per unit time  
Acoustic pressure amplitude 
(PA, Pa) 
Maximum height of the ultrasonic wave  
Acoustic pressure (Pa, Pa) Pressure created as a result of compression or rarefaction zones 
relative to the fluid hydrostatic pressure    
 
Based on the frequency, three distinct categories of ultrasound can be defined, namely power 
ultrasound (20 kHz – 100 kHz), high frequency ultrasound (100 kHz – 1 MHz), and diagnostic 
ultrasound (1 MHz – 500 MHz) [69]. However, for cleaning and processing applications in the 
industry, ultrasound with frequency covering the whole range between 20 kHz – 500 kHz is widely 
used [25].  
3.2. Acoustic cavitation 
During the compression cycle, the molecules in the fluid are subjected to a positive acoustic 
pressure that drives the molecules close to one another. On the other hand, during the rarefaction 
cycle, a negative pressure is exerted that pulls the molecules apart. If the pressure amplitude and 
the resulting tensile stress during rarefaction exceeds the tensile strength of the liquid, the 
intermolecular forces are unable to hold the molecules together and small vapor-filled voids or 
cavitation bubbles are formed within the liquid [69]. This phenomenon is known as acoustic 
cavitation. The minimum acoustic pressure required to overcome the liquid tensile strength and 
form a cavitation bubble of initial radius R0 is called the Blake threshold (Pb) and is given by the 
following equation [68,70]: 
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Where, P0 is the hydrostatic pressure on the liquid and   is the surface tension of the liquid. In 
Eq. (2), the term  02 R  represents the surface tension of the cavitation bubble. Also, Eq. (2) 
neglects the vapor pressure and inertial and viscous effects [70].    
The formation of cavitation bubbles in a liquid is generally attributed to the nucleation 
phenomenon and the presence of weak spots such as free-floating gas bubbles, solids impurities, 
dissolved solids, and gas pockets in the crevices of the solids that act as nuclei [71–73]. Typically, 
ultrasound is unable to produce cavitation bubbles in pure liquids that naturally possess very high 
tensile strengths. However, the presence of impurities significantly reduces the liquid tensile 
strength and the required Blake threshold to initiate cavitation. For instance, the Blake threshold 
for impure liquids is approximately 1-10% of the Blake threshold for pure liquids [68,74].   
3.3. Cavitation bubble growth 
Once the cavitation bubbles are formed, they may dissipate back into the liquid or grow in size. 
The growth of cavitation bubbles occurs due to the coalescence and rectified diffusion 
phenomena [72]. Coalescence simply refers to the process where small cavitation bubble 
combine to form larger bubbles. Rectified diffusion, on the other hand, refers to the bubble growth 
under the repeated compression and rarefaction cycles generated by the ultrasound. During the 
compression cycle, the bubbles are compressed and the contained material (liquid vapors and 
gases) is released into the liquid. The amount of material entering or leaving is proportional to the 
surface area of the bubbles. Overall, the amount of material expelled is smaller than the amount 
taken in during the rarefaction cycle due to smaller surface area available during the compression 
cycle. This known as the area effect. As a result of the area effect, the bubbles continuously grow 
in size in the presence of the ultrasonic field. 
In addition to the area effect, shell effect is also an important consideration in rectified diffusion 
[75]. Shell effect is related to the thickness of the liquid shell around the cavitation bubbles. During 
the compression cycle, the bubbles shrink while the thickness of the liquid shell around them 
increases. This decreases the gas concentration near the wall of the bubbles. Therefore, a small 
concentration gradient is available for gas movement out the bubbles covered with thick liquid 
shells. During the rarefaction cycle, the bubbles expand and the thickness of the liquid shell 
decreases. This leads to an increase in gas concentration near the wall of the bubbles. For each 
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bubble under rarefaction, a large concentration gradient is available along with a thin liquid shell. 
In comparison with the compression cycle, larger amount of gas moves into the bubbles during 
the rarefaction cycle. Therefore, the net effect is to increase the size of the bubbles [76]. Typically, 
the bubbles grow to a maximum size of 2-150 μm [68].         
3.4. Cavitational collapse 
After growing, degassing may occur where the bubbles may leave the liquid due to buoyancy. In 
case the bubbles grow to a critical size (known as resonance size, Rr) by rectified diffusion, they 
may fluctuate around this size, or grow to a size at which they collapse [77]. The resonance size 
(Rr) of the bubble is a function of ultrasound frequency and can be estimated using the following 
equation [72]: 
2
03

 P
Rr             (3) 
Where,   is the angular frequency of the ultrasound,   is the specific heat ratio of the gas in the 
bubble, and   is the liquid density. In case of air bubbles in water, the following simplified equation 
can be used to estimate the resonance radius [72]: 
f
Rr
3
            (4) 
Where f is the ultrasound (acoustic) frequency. The collapse of the bubbles (also known as 
cavitational collapse) is governed by the bubble oscillation frequency (fb) given by the following 
equation [68]: 

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2
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0          (5) 
Where, R is the bubble radius. If the resonant frequency is less than the ultrasound frequency at 
the end of the compression cycle, the bubbles will remain intact and continue the growth cycle. 
This is called non-inertial, steady, or stable cavitation where the bubbles oscillate over many 
compression and rarefaction cycles until they collapse. However, if the resonant frequency 
becomes equal to or greater than the ultrasound frequency, the bubbles will grow rapidly and then 
collapse violently into smaller bubbles within a single acoustic cycle [25,68]. This is known as 
transient or inertial cavitation where the lifetime of the bubbles is very short. Stable cavitation 
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typically occurs at low intensities of the ultrasound whereas transient cavitation occurs at high 
intensities. However, it is important to note that this classification of cavitation is ambiguous since 
stable cavitation can lead to transient cavitation and transient cavitation can produce smaller 
bubbles that undergo stable cavitation [69]. Figure 5 summarizes the cavitation bubble growth 
and the cavitational collapse in an ultrasonic field.   
  
Fig. 5. Schematic diagram of acoustic cavitation, bubble growth, and cavitational collapse  
3.5. Dynamics of bubble growth 
The radial growth of a single stable bubble is governed by the Rayleigh-Plesset equation given 
below [68,78]:   
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Where, R is the radius of the growing bubble,   represents the liquid viscosity, and P0 and P  
represent the pressure near the bubble and at infinite distance from the bubble, respectively. Eq. 
(6) assumes that the liquid is incompressible and the bubble is filled with an ideal gas and behaves 
as an adiabatic system. The pressure at infinite distance from the bubble ( P ) depends on time 
(t) and is given as follows [78]: 
 tsinPPP A  0           (7) 
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In case of radial growth of a gas-filled transient bubble, the following equation is applicable [78]: 
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Where, Rmax is the maximum bubble radius before collapse, P is the pressure (sum of vapor 
pressure, Pv and gas pressure, Pg) inside the bubble at the maximum radius (P = Pv + Pg), and 
Pm is the liquid pressure at the moment of transient collapse (Pm = P0 + PA). The bubble collapse 
time ( m ) can be estimated using the following equation [78]: 
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3.6. Effects of cavitational collapse 
Cavitational collapse is characterized by the emission of short bursts of light, a phenomenon 
known as sonoluminescence [72]. In addition, the violent collapse of transient cavitation bubbles 
can produce important mechanical and chemical effects in liquid systems. The cavitation bubbles 
basically provide a means of concentrating the ultrasonic energy. Therefore, upon violent 
collapse, the cavitation bubbles act as hotspots and generate very high local temperatures and 
pressures. Typically, the temperatures and pressures can reach up to 5000 K and 1000 atm, 
respectively [77,79]. In addition, the lifetime of these hotspots is very short leading to very high 
heating and cooling rates, typically exceeding 109 Ks-1 [79]. Assuming ideal gas inside the bubbles 
and that the surface tension and viscosity of the fluid are neglected, the maximum temperature 
(Tmax) and the maximum pressure (Pmax) inside a collapsing bubble can be estimated using the 
following equations [70,78]: 
 





 10 
P
P
TT mmax            (10) 
 
 1
1










P
P
PP mmax          (11) 
Where, T0 is the ambient (experimental) temperature.  
The extreme temperature and pressure conditions also provide sites for high-energy 
sonochemical reactions. These reactions are typically explained on the basis of the “hot spot” 
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model. According to this model, there are three regions (shown in Fig. 6) for the occurrence of 
sonochemical reactions: (1) a hot gaseous nucleus (thermolytic center), (2) a interfacial region, 
and (3) the bulk liquid at ambient temperature [79,80]. Within these regions, sonochemical 
reactions involving free radicals can take place during the cavitational collapse.   
 
Fig. 6. Zones for sonochemical reactions (modified after [79]) 
High temperature and pressure conditions in the gaseous nucleus break the bonds of water, 
vapors, and other constituent gases present within the bubble resulting in the formation of radical 
or excited chemical species. Water molecules, if present, dissociate to form H● and OH● radicals. 
Similarly, if present, nitrogen dissociates to create N● radicals. The produced radicals either react 
to form new molecules or radicals or diffuse into the interfacial region and the bulk liquid. A 
complete list of reactions and their mechanisms can be found elsewhere [80].  
The temperature and pressure in the interfacial region, involving the liquid shell around the 
collapsing bubble, is about 2000 K and 300 atm, respectively [79]. This region involves 
combustion and free radical reactions. Within the bulk liquid, there is insignificant primary 
sonochemical activity. However, small amount of free radicals from the nucleus and the interfacial 
region may move into the bulk liquid to cause some secondary reactions [79].   
3.7. Factors affecting acoustic cavitation and cavitational collapse 
Several factors affect the acoustic cavitation phenomenon and the resulting collapse of the 
cavitation bubbles in an ultrasonic field. These factors are briefly discussed below: 
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3.7.1. Ultrasonic frequency  
Low frequency of ultrasound increases the size of the produced cavitation bubbles and hence, 
leads to more violent cavitational collapse [25]. At high ultrasound frequencies, acoustic cavitation 
and cavitational collapse both decrease owing to two main reasons. First, the negative acoustic 
pressure during the rarefaction cycle becomes insufficient to initiate cavitation. Second, the 
compression cycle becomes fast and does not allow for sufficient time for the bubbles to collapse 
[69,78].   
3.7.2. Ultrasound intensity 
Acoustic cavitation exhibits an optimum with respect to the ultrasound intensity. The power 
intensity can be determined calorimetrically or from the input or output power per unit area of the 
ultrasound transducer [45]. By the definition given in Eq. 12 below, ultrasound intensity (I) is 
directly proportional to the acoustic pressure amplitude (PA): 
c
P
I A
2
2
            (12) 
Where, c is the speed of the ultrasonic wave. An increase in the intensity increases the acoustic 
pressure amplitude. This decreases the collapse time ( m ) based on Eq. (9). Also, increasing the 
acoustic pressure amplitude increases the maximum temperature (Tmax) and the maximum 
pressure (Pmax) upon bubble collapse based on Eq. (10) and (11), respectively. As a result, the 
collapse tends to be more rapid and violent at high ultrasound intensity. However, the ultrasound 
intensity cannot be increased beyond a certain critical value. This is because at very high acoustic 
pressure amplitudes, the bubbles become very large and the time available for collapse during 
the compression cycle tends to be insufficient [70]. In addition, the large number of bubbles 
created at high intensity may cause dampening effect and reduce the effectiveness of the 
ultrasound [25].   
3.7.3. External pressure 
According to Eq. (9), an increase in the external static pressure (P0) decreases the collapse time. 
Also, as per Eq. (10) and (11), increasing the external pressure increases Tmax and Pmax upon 
bubble collapse. Therefore, increasing the external pressure will lead to more rapid and violent 
cavitational collapse. However, high external pressure also decreases the liquid vapor pressure. 
This will lead to an increase in the ultrasound intensity required to initiate cavitation [69].   
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3.7.4. Bulk liquid temperature 
Acoustic cavitation also exhibits an optimum with respect to the liquid temperature. Increasing the 
temperature results in an increase in the liquid vapor pressure (Pv). Therefore, the cavitational 
collapse becomes less violent due to decrease in Tmax and Pmax based on Eq. (10) and (11), 
respectively. However, for most liquids, increasing the temperature also decreases the viscosity 
which favors acoustic cavitation. Viscous liquids, being sluggish, do not allow for easy formation 
of cavitation bubbles [25,70].    
3.7.5. Liquid characteristics 
Cavitation bubbles tend to form readily in liquids with low viscosity, low surface tension, and high 
vapor pressure [69]. However, high vapor pressure also results in less violent bubble collapse (as 
explained in Section 2.7.4). Also, the presence of high concentration of solid particles decreases 
the acoustic cavitation phenomenon due to scattering and weakening of ultrasonic waves [25,68].        
3.7.6. Gas characteristics 
According to Eqs. (10) and (11), the intensity of cavitational collapse depends on the specific heat 
ratio of the gas inside the bubble (  ). Also, increasing the amount of dissolved gases increases 
the number of nuclei available for the formation of cavitation bubbles. However, at the same time, 
the gas pressure inside the bubble (Pg) increases which results in less violent cavitational collapse 
due to decrease in Tmax and Pmax (Eqs. (9) and (10)). In addition, gases with low thermal 
conductivity create more local heating during bubble collapse [68].  
4. Ultrasound effects relevant to membrane fouling 
Ultrasound has the ability to produce important physical phenomena in heterogeneous solid-liquid 
systems which may release the particles from a fouled membrane. These physical phenomena 
include: acoustic streaming, microstreaming, and the generation of microstreamers, microjets, 
and shock waves. 
Acoustic streaming is a form of fluid flow that results from the absorption of acoustic (ultrasonic) 
energy and does not require cavitational collapse [77]. As the ultrasonic waves propagate, the 
wave momentum is absorbed by the liquid due to its finite viscosity. As a result, unidirectional flow 
currents are created within the liquid [73]. Acoustic streaming generates low flow velocity (about 
10 ms-1) and occurs over up to a distance of only few centimeters from the ultrasonic transducer 
[77]. The flow velocity increases at higher values of ultrasound frequency and power intensity. In 
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the vicinity of a solid surface, such as a fouled membrane, the liquid flow created by acoustic 
streaming is obstructed resulting in unidirectional flow currents parallel to the solid surface which 
may detach the foulants. A schematic representation of acoustic streaming is shown in Fig. 7. 
 
Fig. 7. Schematic representation of acoustic streaming (modified after [77])  
Microstreaming refers to the time-dependent oscillation of liquid molecules that are in close 
vicinity to the acoustically oscillating cavitation bubbles. Under compression and rarefaction 
cycles, oscillations in the cavitation bubbles cause rapid fluctuations in the magnitude and 
direction of the liquid movement. During the compression cycle, the cavitation bubbles shrink and 
the liquid molecules are pulled away from the membrane surface. On the other hand, during the 
rarefaction cycle, the cavitation bubbles expand and the liquid is pushed towards the membrane 
surface. The overall effect is to create significant shear or drag forces that possess the ability to 
remove foulants from the membrane surface. The effective range of microstreaming is small, 
typically in the range of 1-100 μm [77]. The concept of microstreaming is illustrated in Fig. 8. 
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Fig. 8. Schematic representation of microstreaming (a) during bubble expansion (b) during bubble 
compression (modified after [77])  
Microstreamers, shown in Fig. 9, are created as a result of standing waves that are formed by 
superimposition of the ultrasonic waves reflected from the solid membrane surface and the 
ultrasonic waves generated at the transducer. Due to Bjerkness forces, cavitation bubbles with 
size smaller than the resonance size are attracted by the antinodes of the standing waves. On 
the other hand, cavitation bubbles with size larger than the resonance size are accumulated at 
the nodes.  While moving towards the antinodes, the cavitation bubbles follow a torturous path, 
form ribbon-like structures, and coalesce upon contact with one another [25,77]. The effective 
range of microstreamers is few millimeters while the velocity is approximately one order of 
magnitude higher than the average liquid velocity [77]. Microstreamers also play a role in 
detaching the foulants from the membrane surface when the antinodes on the membrane surface 
attract the cavitation bubbles [25,77].    
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Fig. 9. Schematic representation of microstreamers (modified after [77]) 
In addition to microstreamers, the formation of microjets is also important in the release of 
particles from a fouled membrane. Microjets are formed as a consequence of asymmetric 
cavitation. When the cavitation bubbles are close to a solid membrane surface, the liquid 
movement in its vicinity decreases. This creates a differential pressure around the bubbles and a 
loss of the spherical bubble geometry [73]. Due to this differential pressure, the bubbles release 
strong water jets upon collapse. The velocity of the microjets is typically 100-200 ms-1 with an 
effective range on the order of the bubble diameter [77]. Given the high velocity, microjets possess 
an ability to remove foulants via pitting and erosion [25]. Fig. 10 depicts the formation of a microjet. 
 
Fig. 10. Formation of a microjet after bubble collapse (modified after [77]) 
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Finally, the generation of shock waves by ultrasound application is also important for removing 
particles from fouled membranes. Shock waves are continuously generated during the 
compression and rarefaction cycles. At the end of the compression cycle, the cavitation bubbles 
come to a sudden halt after reaching the minimum size. At this instant, the liquid molecules 
moving towards the bubbles are reflected which results in the generation of high pressure shock 
waves directed towards the membrane surface [73].   
5. Application of ultrasound in membrane separation technologies  
5.1. Flux enhancement and fouling control 
The use of ultrasound for flux enhancement in UF and MF processes has been extensively 
investigated. However, studies related to ultrasound-assisted flux enhancement in NF, RO, MD, 
FO, and anaerobic MBR (AMBR) are so far limited. Table 2 summarizes the studies on 
ultrasound-assisted flux enhancement in different membrane-based separation processes.      
Table 2 
Summary of studies on ultrasound-assisted flux enhancement in membrane processes 
Membrane 
process 
Foulant solution 
Membrane and apparatus 
details 
Ultrasound details Flux enhancement results 
Reference 
Ultrafiltration 
(UF) 
Whey solution Membrane: Flat sheet 
polysulfone (PS) and 
polyethersulfone (PES)  
Molecular weight cut-off 
(MWCO): 8-30 kDa 
Configuration: Cross-flow 
Type: Ultrasonic bath and 
megasonic system 
Frequency: 50 kHz 
(continuous mode) and 1 
MHz (pulsed mode) 
 
For 8000 MWCO 
membrane, flux was 
enhanced by 60% using 
continuous sonication at 
TMP of 300 kPa and cross-
flow velocity of 0.28 m/s 
[30] 
 Water from 
wastewater 
treatment plant of 
Salerno (Italy) 
Membrane: Hollow fiber PS  
Pore size: 0.1 μm  
Configuration: Cross-flow 
Type: Ultrasonic bath  
Frequency: 35 and 130 kHz 
Fouling rate was reduced 
by 57.33% at a flux of 150 
L/m2 h and frequency of 35 
kHz 
[81] 
 Bovine serum 
albumin (BSA)-
lysozyme (Ly) 
binary protein 
mixture  
Membrane: PS 
MWCO: 30 kDa  
Configuration: Cross-flow 
Frequency: 25 kHz 
Power: 240 W 
At pH 11, flux was 
enhanced by 135% and 
120% with membrane in the 
upward and downward 
modes, respectively 
[82] 
 Dextran solution Membrane: Flat PES 
MWCO: 30 kDa 
Configuration: Dead-end 
Type: Ultrasonic bath  
Frequency: 28, 45, and 100 
kHz 
At the end of experiment, in 
comparison with the flux 
obtained without ultrasound 
application, the observed 
flux was 83% and 33% 
higher at ultrasound 
frequency of 28 kHz and 45 
kHz, respectively. No flux 
enhancement was 
observed at 100 kHz 
frequency 
[83] 
 Synthetic clay 
solution 
Membrane: Hollow fiber PS 
MWCO: 10 kDa 
Configuration: Cross-flow 
Type: Immersed ultrasonic 
transducer 
Frequency: 40, 68, and 170 
kHz 
Intensity: 3.1, 6.2, 9.2, and 
12.3 kW/m² 
 
For TMP of 175 kPa, 33%, 
20%, and 4% flux 
enhancement was obtained 
at 40, 68, and 170 kHz 
frequency, respectively 
 
[84] 
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 Surface water from 
Hoover Reservoir, 
Columbus, Ohio 
Membrane: Flat sheet 
ceramic AnodiscTM – Al2O3   
Pore size: 0.2 μm 
Configuration: Cross-flow 
Type: Ultrasonic probe  
Frequency: 20 kHz 
 
After 2 h, normalized flux 
increased from 0.21 in the 
absence of ultrasound to 
0.70 with the aid of 
ultrasound 
 
[85] 
 Whey solution Membrane: Flat sheet PS  
MWCO: 30 kDa 
Configuration: Cross-flow 
Type: Ultrasonic bath  
Frequency: 50 kHz  
Power: 2 W/L 
Ratio of steady flux with 
ultrasound to steady flux 
without ultrasound was 
between 1.2 and 1.7 across 
the full range of 
experiments 
[86] 
 Sulfate polystyrene 
latex particles 
Membrane: Flat sheet 
polyvinylidene difluoride 
(PVDF) 
Pore size: 0.3 μm 
Configuration: Cross-flow 
Type: Navy Type I lead 
zirconate titanate transducer 
Power: 0.8 W, 3.3 W, and 
7.2 W   
At pH 6.0 with 1 mM KCl 
and 10 mg/L sulfate latex 
particles, ratio of final flux 
(after 4 h) to initial clean 
water flux was 0.85 and 
0.92 for applied powers of 
0.8 W and 3.3 W, 
respectively. Membrane 
was damaged at 7.2 W  
[87] 
 1 wt% dextran 
solution 
Membrane: Flat sheet 
polyacrylonitrile (PAN) (8 
wt% PAN and 15 wt% PAN) 
Pore size: 1 μm 
Configuration: Cross-flow 
Type: Ultrasonic bath 
Frequency: 45 kHz 
Power: 248 W 
Using 1 wt% solution of 
2x106 molecular weight 
dextran, 30 kPa pressure, 
and continuous sonification, 
no flux decline was 
observed during 80 min of 
operation 
[88] 
 1 wt% dextran 
solution 
Membrane: Flat sheet PAN 
Pore size: 1 μm 
Configuration: Cross-flow 
 
Type: Ultrasonic bath 
Frequency: 28, 45, and 100 
kHz 
Intensity: 2.7 W/cm2 
 
Using 1 wt% solution of 
2x106 molecular weight 
dextran, and 30 kPa 
pressure, no flux decline 
was observed during 80 
min of operation at 28 and 
45 kHz frequency. Flux 
improvement was negligible 
at 100 kHz frequency 
[89] 
 Radix astragalus 
extract 
Membrane: Flat sheet PES  
MWCO: 10 kDa 
Configuration: Dead-end 
Type: Ultrasonic probe 
Frequency: 28, 45 and 100 
kHz 
Power: 60, 90, and 120 W 
At 20 kHz, using ultrasonic 
irradiation of 60, 90 and 
120 W, observed fluxes 
were respectively 35%, 
57% and 68% higher 
compared to the case 
without ultrasonic irradiation 
[90] 
 Radix astragalus 
extract 
Membrane: Hollow fiber PS 
module 
MWCO: 10 kDa 
Type: Ultrasonic bath 
Frequency: 45 kHz 
Power: 30, 60, 90, and 120 
W 
At optimum conditions 
(continuous ultrasonic 
irradiation, power of 120 W, 
, TMP of 0.6 bar, and 
temperature of 20 oC), 
fouling rate was only 38.5–
43% and process duration 
was 53–58 min 
[91] 
 Skimmed milk 
powder 
Membrane: Flat sheet PES  
Configuration: Cross-flow  
Type: Ultrasonic bath 
Frequency: 37, 80 kHz and 
tandem  
Modes: Continuous, pulsed, 
sweeping, and degassing 
 
Under best operating 
conditions (37 KHz and 
pulsed mode), flux 
enhancement was 187.4% 
[92] 
 Water from 
wastewater 
treatment plant of 
Salerno (Italy) 
Membrane: Single-fiber PS 
Pore size: 0.1 μm 
Configuration: Cross-flow 
 
Type: Ultrasonic bath 
Frequency: 35 and 130 kHz  
Power: 5 W/L 
35 kHz frequency was able 
to reduce the TMP increase 
by approximately 26%. 
However, 130 kHz 
frequency did not produce 
significant effects 
[93] 
 Colloidal silica 
particles 
Membrane: Flat ceramic 
AnodiscTM γ-Al2O3  
Pore size: 0.2 μm 
Configuration: Cross-flow 
Type: Ultrasonic probe 
Frequency: 20 kHz 
Intensity: 3.8 ± 0.1 W/cm2 
For 1.56 μm particles, the 
relative permeate flux 
improvement increased 
from 60% to 75% to 97% as 
the distance between the 
probe and the membrane 
[94,95] 
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surface decreased from 3.5 
to 2.6 to 1.7 cm 
 Silica and NOM Membrane: Flat ceramic 
AnodiscTM γ-Al2O3 ceramic 
membrane 
Pore size: 0.2 μm 
Configuration: Cross-flow 
Type: Ultrasonic probe 
Frequency: 20 kHz 
Power: 9.2 ± 0.4 W 
With 8 mg/L NOM and 0.3 
g/L silica particles at pH 
9.2, normalized flux with 
ultrasonic irradiation was 
approximately four times 
higher at the end of the 
experiment 
[96] 
 Emulsification 
Wastewater 
Membrane: Tubular ZrO2 
ceramic 
Pore size: 0.2 μm 
Configuration: Cross-flow, 
pilot-scale 
Type: Ultrasonic probe 
Frequency: 21 kHz 
Power: 4, 8, 12, and 16 W 
At optimum conditions 
(power of 8 W and 7 cm 
probe length), the steady 
flux with ultrasonic 
irradiation was three times 
higher than the steady flux 
without ultrasonic irradiation  
[97] 
 Paper industry 
wastewater (bark 
press filtrate 
and fabric press 
filtrate) 
Membrane: Flat alumina-
based ceramic  
Pore size: 0.12 μm 
Configuration: Dead-end 
Type: Integrated ultrasonic 
transducer 
Frequency: 40 kHz  
Power: 200 and 400 W 
At 200 W with bark press 
filtrate feed, the steady flux 
was approximately 2.5 
times higher with ultrasonic 
irradiation applied from the 
feed side 
[98] 
Microfiltration 
(MF) 
Paper industry 
wastewater (bark 
press filtrate 
and fabric press 
filtrate) 
Membrane: Flat alumina-
based ceramic  
Pore size: 0.75 μm 
Configuration: Dead-end 
Type: Integrated ultrasonic 
transducer 
Frequency: 40 kHz  
Power: 200 and 400 W 
At 400 W with bark press 
filtrate feed, the steady flux 
was approximately 6.1 
times higher with ultrasonic 
irradiation applied from the 
permeate side. Application 
of ultrasound from the feed 
side resulted in the same 
steady flux as the one 
without ultrasound 
application 
[98] 
 Fresh cow milk Membrane: Flat mixed 
cellulose ester  
Pore size: 0.2 μm 
Configuration: Dead-end 
Type: Ultrasonic probes of 
different tip diameter  
Frequency: 20 kHz 
Power: 20, 40, and 50 W 
 
Flux enhancement as high 
as 490% was observed. 
Compared to pulse 
irradiation, continuous 
ultrasound irradiation 
produced 33% higher flux 
enhancement   
[99] 
 1 wt% milk solution Membrane: Hollow fiber 
polyethylene (PE)  
Pore size: 0.4 μm 
Type: Ultrasonic bath 
Frequency: 28 kHz 
Power: 300 W 
Flux enhanced up to 310% 
was obtained with 
membrane at 8 cm distance 
from the ultrasonic 
transducer and at 15 cm 
depth from water surface 
level 
[100] 
 Kraft paper mill 
effluent 
Membrane: Flat sheet nylon 
Configuration: Cross-flow 
Type: Ultrasonic horn 
Frequency: 28 kHz 
Power: 82.9 W/cm2 
After 30 min, flux with 
ultrasonic irradiation was 
27.5% higher than the flux 
without ultrasonic 
irradiation. TMP and cross-
flow velocity was 50 kPa 
and 0.125 m/s, 
respectively, in both cases  
[101] 
 Baker’s yeast and 
BSA solution 
Membrane: Tubular alumina-
based ceramic  
Pore size: 0.04, 0.2, 0.8, 1.5, 
and 3 μm 
Configuration: Cross-flow 
 
Type: Ultrasonic bath 
Frequency: 28 kHz  
 
The steady flux was 4 to 6 
times greater compared to 
the case without 
ultrasound. Cross-flow 
velocity, TMP, yeast 
concentration, and output 
power were 0.46 m/s, 40 
kPa, 10 kg/m3, and 240 W, 
respectively   
[102] 
Nanofiltration 
(NF) 
Two-component 
dye and salt mixture 
Membrane: Flat sheet 
hydrophilized polyamide 
(HPA) 
MWCO: 400 
Configuration: Cross-flow 
Type: Ultrasonic bath  
Frequency: 34 ± 3 kHz 
 
With ultrasonic irradiation, 
the decline in permeate flux 
was not observed  
[103] 
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Reverse 
osmosis (RO) 
CaSO4, Fe3+, and 
carboxymethyl 
cellulose (CMC) 
solutions 
Membrane: Flat sheet 
commercial polyamide-
based 
Configuration: Cross-flow 
Type: Ultrasonic bath  
Frequency: 20 kHz 
Intensity: 2.8 W/cm2 
On average, during the 3 h 
experiments, the permeate 
flux increased by about 
50.8% for the 500 mg/L 
CaSO4 solution, 69.7% for 
the 1000 mg/L CaSO4 
solution, 215% for the 20 
mg/L Fe+3 solution, 264% 
for the 500 mg/L CMC 
solution, and 113% for the 
1000 mg/L CMC solution 
[104] 
Forward 
osmosis (FO) 
CaSO4 and silica  Membrane: Flat sheet 
commercial cellulose acetate 
Configuration: Plate-and-
frame module 
Type: Ultrasonic probe  
Frequency: 72 kHz 
Power: 30 W 
For CaSO4 scaling, initial 
flux increased by 25% for 
ultrasound-assisted FO 
mode (UAFO) and by 166% 
for pressure and 
ultrasound-assisted FO 
mode (PUAFO). Permeate 
flux decline by colloidal 
fouling was only 21% for 
UAFO and 19% for PUAFO 
[105] 
 Sodium chloride 
solution 
Membrane: Flat sheet 
commercial cellulose acetate 
Configuration: Cross-flow 
 
Type: Ultrasonic bath Flux increased up to 15% 
using ultrasound 
[106] 
 Tannin solution Membrane: Flat sheet thin 
film composite polyamide on 
PS 
Configuration: Cross-flow 
Type: Utrasonic transducer  
Frequency: 20 kHz 
Power: 50 and 100 W  
Mode: Pulsed and 
continuous 
Flux was 1.2 times higher 
with continuous irradiation 
at 50 W, 2.2 times higher 
with continuous irradiation 
at 100 W, 2.1 times higher 
with pulsed irradiation (1 
min on/1 min off) at 100 W, 
and 1.7 times higher with 
pulsed irradiation (1 min 
on/5 min off) at 100 W. 
ultrasound was applied 
from the feed side 
[107] 
 Sweet lime 
juice and rose 
extract anthocyanin 
Membrane: Flat sheet 
commercial cellulose 
triacetate (CTA) 
Configuration: Cross-flow 
Type: Ultrasonic bath  
Frequency: 30 kHz 
 
Using ultrasound, initial flux 
was approximately 1.2 and 
1.3 times higher for sweet 
lime juice and rose extract 
anthocyanin, respectively  
 
[108] 
Membrane 
distillation 
(MD) 
CaSO4, CaCO3, 
and silica solutions 
Membrane: Hollow fiber 
polytetrafluoroethylene 
(PTFE) hydrophobic  
Pore size: 0.26 μm 
Configuration: Direct contact 
Type: Ultrasonic transducer  
Frequency: 20 kHz 
Power: 260 W  
With CaSO4 solution, ratio 
of flux to initial flux was 
maintained at 93% when 
the concentration factor 
reached 4.0 in the presence 
of ultrasonic irradiation. No 
flux decline was observed 
for CaCO3 foulant 
(ultrasound, however, was 
not necessary). Ratio of flux 
to initial flux was 
maintained at 97% with 
silica foulant solution 
 
[109] 
 Sodium chloride 
solution  
Membrane: Hollow fiber 
PTFE,  polypropylene (PP), 
and PVDF  
Configuration: Direct contact 
Type: Ultrasonic transducer  
Frequency: 20, 30, 40, and 
68 kHz 
Power: 110 to 260 W 
 
Ultrasonic irradiation 
produced permeate flux 
enhancement 
as high as 60% 
[110] 
 Tap water and 
sodium chloride 
solution 
Membrane: Flat sheet PTFE 
Pore size: 1 μm 
Configuration: Air gap 
Type: Ultrasonic horn  
Frequency: 20 and 38 kHz 
Power: Up to 90 W 
Permeate flow rate with the 
ultrasonic irradiation 
increased up to 
25% compared to the case 
without ultrasonic irradiation 
 
[111] 
 Silica solution Membrane: Hollow fiber 
PTFE  
Pore size: 0.26 μm 
Configuration: Direct contact 
Type: Ultrasonic transducer  
Frequency: 20 kHz 
Power: 110 to 260 W 
Permeate flux was almost 
stable with ultrasonic 
irradiation and was 
enhanced by about 43% 
 
[112] 
Anaerobic 
membrane 
Synthetic 
wastewater 
Membrane: Follow fiber 
polyethylene (PE)  
Type: Ultrasonic generator 
Frequency: 28 kHz 
Membrane fouling [113] 
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bioreactor 
(AMBR) 
Pore size: 0.4 μm 
 
Power: 60-150 W was controlled such that 
membrane filtration 
resistance 
was constant 5x1011 m-1 for 
more than a week 
 
 Synthetic 
wastewater 
Membrane: Follow fiber PE 
Pore size: 0.4 μm 
 
Type: Ultrasonic generator 
Frequency: 28 kHz 
Intensity: 0.122 W/cm2 
The total filtration  
resistance was 
only 30% of that without 
ultrasonic irradiation 
after 28 days of operation 
 
[114] 
 Activated sludge  Membrane: Follow fiber PE  
Pore size: 0.4 μm 
Type: Ultrasonic generator  
Frequency: 28 kHz 
Intensity: 0.18-0.5 W/cm2 
Cake layer resistance was 
80.4% lower  
[115] 
 
Flux enhancement due to ultrasound application can be attributed to a number of effects. Cai et 
al. [83] showed that low-frequency ultrasound decreased the total fouling resistance (Rtot) and the 
reversible fouling resistance (Rrev) that is due to concentration polarization and cake layer, as 
depicted in Fig. 11. These results were obtained using dextran foulant solution and 
polyethersulfone (PES) membrane in a dead-end UF cell. The decrease in the resistance values 
was attributed to a decrease in concentration polarization effects due to acoustic streaming and 
cavitation effect induced by the ultrasound. Consequently, at the end of experiment, in 
comparison with the flux obtained without ultrasound application, the observed flux was 83% and 
33% higher at ultrasound frequency of 28 kHz and 45 kHz, respectively. However, in this study, 
irreversible membrane fouling was negligible due the use of dextran as model foulant solution. 
Reduction in both reversible and irreversible fouling at suitable (low) ultrasound frequencies has 
been reported by Li et al. [84] during cross-flow UF of clay solution using hollow fiber polysulfone 
(PS) membrane. At TMP of 175 kPa, a flux enhancement of 33% was obtained using 48 kHz 
ultrasound frequency due to reduction in the fouling resistance. Similarly, ultrasound can reduce 
the filtration resistance in anaerobic MBR processes [113–115]. 
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Fig. 11. Reduction in (a) reversible resistance and (b) total resistance at different values of ultrasonic 
frequency and TMP during dead-end UF of dextran foulant solution using PES membrane (adopted from 
[83]) 
Some studies have attributed flux enhancement to acoustic streaming and increased turbulence 
[92,94,96,103]. For example, using dextran foulant solution, Kobayashi and Fujii [89] showed that 
the flux enhancement in the studied UF process was due to acoustic streaming induced by low-
frequency ultrasound that resulted in enhanced mass transfer of the permeate through the foulant 
layer. Similarly, Muthukumaran et al. [86] investigated the filtration of whey solution using a cross-
flow UF apparatus and a PS membrane. The study reported that the flux enhancement was mainly 
due to acoustic streaming and mechanical vibrations rather than acoustic cavitation. At short 
times, flux decline was due to pore blockage. However, at longer times, flux decline was 
dominated by the cake layer growth. Ultrasound decreased the resistance of both the initial 
deposit layer and the growing cake as shown in Fig. 12 [86]. Overall, ratio of the steady flux with 
ultrasound to the steady flux without ultrasound was between 1.2 and 1.7 across the full range of 
experiments. However, Muthukumaran et al. [86] showed that ultrasound was unable to produce 
significant influence on pore blockage or internal fouling (Fig. 12). Cai et al. [91] also reported that 
ultrasound had no or little effect on adsorption and pore blocking of hollow fiber PS UF membrane.  
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Fig. 12. Fouling parameters during cross-flow UF of 6 wt% whey solution using PS membrane. TMP and 
ultrasound intensity were 300 kPa and 2 W/L, respectively (adopted from [86]) 
In general, when the membrane is within the zone of acoustic cavitation, the flux is enhanced by 
combined effects of microstreaming, acoustic streaming, microjets, and the generation of 
microstreamers, microjets, and shock waves. However, outside the acoustic cavitation zone, 
acoustic streaming and increased turbulence are the main phenomena contributing to flux 
enhancement [95]. Lamminen et al. [87] enhanced the membrane flux by placing the UF system 
within the cavitation zone produced by the ultrasonic transducer. At pH 6.0 with 1 mM KCl and 10 
mg/L sulfate latex particles as foulants, ratio of final flux (after 4 h) to initial clean water flux was 
0.85 and 0.92 for applied powers of 0.8 W and 3.3 W, respectively. This suggests that the effects 
of fouling were almost completely mitigated. During inorganic fouling of commercial polyamide-
based RO membrane with CaSO4 solution, Feng et al. [104] concluded that microstreaming in the 
membrane pores and on the surface was the main cause of membrane cleaning and the 
consequent flux enhancement. On average, during the 3 h experiments, the permeate flux 
increased by about 50.8% for the 500 mg/L CaSO4 solution, and 69.7% for the 1000 mg/L CaSO4 
solution by applying ultrasound with 20 kHz frequency.  
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Ultrasound irradiation may also enhance the flux partly by agglomerating small particles, thereby, 
reducing the probability of pore blockage. For instance, Borea et al. [81] used hollow fiber PS 
membrane to treat real wastewater in cross-flow UF process. Agglomeration of small suspended 
particles was observed due to generation of microstreamers and vibration. The agglomeration in 
the presence of ultrasound also resulted in higher turbidity removal compared to the turbidity 
removal in the absence of ultrasound. Similar agglomeration of particles in the UF process has 
been reported by Naddeo et al. [93]. 
In case of FO process, Choi et al. [105] successfully used ultrasound with 72 kHz frequency to 
decrease calcium sulfate scaling and silica colloidal fouling in a commercial cellulose acetate FO 
membrane. Ultrasound disassembled the calcium sulfate crystals and the silica colloids present 
in the feed solution. Ultrasound-assisted FO (UAFO) was found to outperform ultrasound-assisted 
FO (UAFO) in terms of flux enhancement. Compared to FO process without ultrasound, initial flux 
increased by 25% for UAFO and by 166% for UAFO in case of calcium sulfate scaling. In case of 
silica colloidal fouling, permeate flux decline was only 21% for UAFO and 19% for PUAFO 
compared to 50% flux decline in the case of FO without ultrasound. Heikkinen et al. [107] also 
reported ultrasound-assisted flux enhancement during FO filtration of tannin using a thin-film 
composite (TFC) membrane. In this study, flux enhancement was due to mitigation of 
concentration polarization in the porous support layer of the membrane. However, the reverse 
salt flux was also observed to be higher with ultrasound application.  
Ultrasound can also mitigate calcium sulfate and silica colloid fouling in the MD process. In a 
study by Hou et al. [109] on direct contact MD, the ratio of flux to initial flux was maintained at 
93% and 97% in case of calcium sulfate and silica fouling, respectively, due to the shock waves 
and microstreaming produced by the ultrasound. In addition, ultrasound can also enhance the 
flux by reducing the temperature polarization in the MD process [111,112].  
There are several factors that influence the effectiveness of ultrasound-assisted flux 
enhancement. These factors are summarized below: 
5.1.1. Ultrasound frequency 
The effect of ultrasound frequency on flux enhancement has been thoroughly investigated. Lower 
ultrasound frequency is more effective in enhancing the flux since the cavitation bubbles are larger 
and the cavitational collapse is more violent leading to higher turbulence. Although higher 
ultrasound frequency increases the number of cavitation bubbles, the size of the bubbles is small 
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and the collapse is less violent. As a result, at higher frequencies, the flux enhancement and the 
fouling control rate are suppressed. For instance, at constant membrane flux, Borea et al. [81] 
observed that the membrane fouling rate decreased by 57.33% and 24.45% at 35 kHz and 130 
kHz frequency, respectively, compared to the fouling rate in the UF process without ultrasound 
application. Fig. 13 depicts the effect of ultrasound frequency on the permeate flux over time 
during UF of dextran solution [83]. It is evident that low ultrasound frequency was more effective 
in enhancing the permeate flux. Similar effect of ultrasound frequency on flux enhancement has 
been observed in other studies [30,84,89,90,92,93,98,107,110]. 
 
Fig. 13. Permeate flux in UF of dextran solution at TMP of 0.4 bar across PES membrane (adopted from 
[83])  
5.1.2. Power intensity 
Besides frequency, power or power intensity of the ultrasound also effects the flux enhancement. 
Generally, increasing the power intensity up to a certain maximum limit improves the flux 
enhancement. The power intensity cannot be increase indefinitely and a maximum power intensity 
value may exist beyond which the flux enhancement ceases or reduces or membrane damage 
occurs. For example, Matsumoto et al. [102] studied the effect of ultrasound power during MF of 
baker’s yeast and BSA solution using alumina-based ceramic membranes of pore size 0.2 and 
0.8 μm. As depicted in Fig. 14 [102], the steady-state permeate flux increased non-linearly with 
the applied power. At high power values, the effect on the steady-state flux was limited due to 
conversion of ultrasonic power to heat. Li et al. [97], on the other hand, studied the effect of 
ultrasound power on the UF of emulsification wastewater using ZrO2 ceramic membrane. As 
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shown in Fig. 15 [97], the observed flux increased by increasing the ultrasound power from 4 W 
to 8 W. However, beyond 8 W, flux enhancement was reduced owing to increase in membrane 
fouling due to an increase in the emulsifying action and a decrease in the oil droplet size. The flux 
was, therefore, optimum at a power of 8 W, as shown in the inset of Fig. 15. Also, very high 
ultrasound power may lead to membrane damage. For example, Fig. 16 [84] shows the effect of 
ultrasound intensity during UF of clay solution using hollow fiber PS membrane. At the applied 
frequency of 40 kHz, a sudden dramatic increase in flux (at around 40 minutes) was observed 
when the power intensity was 12.3 kW/m2. This sudden increase was attributed to membrane 
damage caused by the high power intensity.  
 
Fig. 14. Steady-state flux in MF of baker’s yeast and BSA solution as a function of ultrasound power output. 
Results shown are for alumina-based ceramic membranes, TMP of 40 kPa, cross-flow velocity of 0.46 m/s, 
and yeast concentration of 10 kg/m3 (adopted from [102])  
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Fig. 15. Permeate flux in UF of emulsification wastewater as a function of ultrasound power (■ 0 W, ● 4 W, 
▲ 8 W, ▼ 12 W, ♦ 16 W). Results shown are for ZrO2 ceramic membrane (adopted from [97])  
 
Fig. 16. Permeate flux in UF of clay solution as a function of ultrasound power intensity. Results shown are 
for hollow fiber PS membrane and 40 kHz frequency (adopted from [84])  
5.1.3. Transmembrane pressure (TMP) 
In pressure-driven membrane processes, TMP also plays an important role in ultrasound-assisted 
flux enhancement. From filtration point of view, higher filtration pressure naturally increases the 
permeate flux. However, this also results in higher drag force on the particles deposited on the 
membrane surface which exacerbates the fouling phenomenon. Also, higher filtration pressure 
compresses the cake layer, thereby, making its removal more difficult. At the same time, 
increasing the pressure increases the ultrasound intensity required to initiate cavitation and 
reduces the number of cavitation bubbles but results in more violent cavitational collapse. As a 
result, different relations between flux enhancement and TMP have been observed 
experimentally. Mirzaie and Mohammadi [99] observed that the ultrasound-assisted flux 
enhancement decreased from 228% to 27% when the pressure was increased from 0.5 to 1.4 
bar. Muthukumaran et al. [86] reported that the ultrasound-assisted flux enhancement increased 
slightly with TMP. Kobayashi and Fujii [89] observed an increase in flux enhancement with 
increasing TMP while Matsumoto et al. [102] observed an optimum TMP at which the flux 
enhancement was maximum.  
5.1.4. Feed solution properties 
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Flux enhancement by ultrasound is also affected by the feed solution properties. According to 
Muthukumaran et al. [86], ultrasound was effective in enhancing the flux even at high whey 
solution concentrations. Chen et al. [94] reported that ultrasound was more effective for flux 
enhancement with feeds that contain lower concentration and larger size of silica particles. At 
high particle concentrations, the presence of large number of particles increased the number of 
nuclei available for the generation of cavitation bubbles. This resulted in greater attenuation of 
ultrasound waves due to both scattering and absorption by the cavitation bubbles. The effect of 
ultrasound at high concentrations was, therefore, decreased. In addition, for small particles, the 
drag and lift forces created by the turbulence were found to be low. Therefore, ultrasound was 
more effective in enhancing flux when the feed contained larger particles. In another study, Chen 
et al. [96] studied the cross-flow UF of NOM and silica using Anodisc™ γ-Al2O3 ceramic 
membrane and 20 kHz ultrasound frequency. Higher flux enhancement was observed at higher 
pH in case of both NOM and NOM with silica particle filtration. This was attributed to changes in 
the surface charge of the membrane and the silica particles and changes in the shape of highly 
charged NOM macromolecules. In addition, in case of NOM filtration, higher flux enhancement 
was observed at low ionic strength of the feed. This is because, at low ionic strengths, the foulant-
foulant and foulant-membrane interactions were more repulsive and allowed for easier fouling 
mitigation. Also, ultrasound-assisted flux enhancement was found to be less efficient when the 
feed contained Ca+2 ions. This was due to bridging among the deposited NOM macromolecules, 
silica particles, and the membrane that made the foulant layer more compact and the fouling 
mitigation more difficult. In another similar study, Chen et al. [85] observed that hydrophilic NOM 
was easier to remove by ultrasound than unfractionated NOM. In addition, ultrasound had little 
impact on flux improvement if the membrane was fouled with hydrophobic NOM.  
5.1.5. Ultrasound mode 
In the context of ultrasound-assisted flux enhancement, the use of intermittent mode of ultrasound 
irradiation has been investigated by several authors [90,92,95,99,102,103,107]. Typically, flux 
improvement decreases with long pulse intervals of ultrasound [95]. Although not as effective as 
continuous mode, intermittent mode may be the preferred choice since it reduces energy 
consumption. For example, Heikkinen et al. [107] reported 50% reduction in power consumption 
by using intermittent (1-min-on/1-min-off) ultrasound mode. At the same time, flux enhancement 
greater than 70% was still achievable.  
5.2. Membrane cleaning  
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Besides its successful use in flux enhancement, ultrasound can be employed to clean fouled 
membranes. Several workers have investigated the application of ultrasound as a membrane 
cleaning technique. These studies are summarized in Table 3. 
Ultrasound-assisted membrane cleaning can be performed in a number of ways. The membrane 
can be cleaned externally in the presence of ultrasound or cleaned within the filtration set-up using 
wash water or cleaning chemicals combined with ultrasound irradiation. Lamminen et al. [77] 
performed external batch cleaning by exposing AnodiscTM γ-Al2O3 ceramic membranes to 
ultrasound inside a jacketed cleaning vessel containing water. The membranes were fouled with 
sulfate polystyrene latex particles. After performing the external cleaning, a full recovery of clean 
water flux was observed for all frequencies (except 1062 kHz) given that the ultrasonic treatment 
time and power intensity were above 30 s and 1.05 Wcm-2, respectively. In another study, 
Lamminen et al. [87] used an external ultrasonic cleaning vessel, containing 1mM KCl solution, 
to clean AnodiscTM γ-Al2O3 ceramic and polyvinylidene difluoride (PVDF) membranes. The 
membranes were almost fully cleaned and the water flux after cleaning was very close to the initial 
clean water flux of the new membranes.  
Kobayashi et al. [116] cleaned PS UF and cellulose MF membranes within the filtration cell by 
combining water washing with ultrasound. The PS and cellulose membranes were first fouled by 
peptone solution and milk solution, respectively. At 28 kHz frequency, complete and partial 
cleaning was achieved for the PS and the cellulose membrane, respectively. Similar procedure 
has been used to clean membranes in other studies [83,117,118]. Li et al. compared three 
different methods to clean nylon MF membrane fouled by Kraft paper mill effluent. The methods 
included forward flushing, ultrasonic cleaning, and ultrasonic cleaning combined with forward 
flushing. The resulted indicated that the cleaning efficiency was the highest (97.8%) when 
ultrasound was used in combination with forward flushing.  
Table 3 
Summary of studies on ultrasound-assisted membrane cleaning 
Membrane 
process 
Foulant solution 
Membrane and apparatus 
details 
Ultrasound details Cleaning efficiency results Reference 
Ultrafiltration 
(UF) 
Sulfate polystyrene 
latex particles 
Membrane: Flat AnodiscTM γ-
Al2O3 ceramic 
Pore size: 0.2 μm 
Configuration: Dead-end 
Type: Ultrasonic transducer  
Frequency: 70, 205, 354, 
620, and 1062 kHz 
A full recovery in clean water 
flux was observed for all 
frequencies (except 1062 
kHz) when ultrasonic 
treatment times exceeded 30 
s and power intensities were 
greater than 1.05 Wcm-2. 
Cleaning was better when 
the fouled surface faced the 
transducer  
[77] 
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 Dextran solution Membrane: Flat PES 
MWCO: 30 kDa 
Configuration: Dead-end 
Type: Ultrasonic bath  
Frequency: 28, 45, and 100 
kHz 
Membrane was effectively 
cleaned. Flux recovery was 
highest at the lowest 
frequency of 28 kHz  
[83] 
 Sulfate polystyrene 
latex particles 
Membrane: Flat PVDF and 
ceramic AnodiscTM γ-alumina  
Pore size: 0.3 μm for PVDF 
and 0.2 μm for ceramic 
Configuration: Dead-flow 
Type: Navy Type I lead 
zirconate titanate 
transducer 
 
For ceramic membrane, the 
cleaned flux ratio 
(ultrasonically cleaned 
flux/initial pure water flux) 
was 0.93 at 37.0 W and 0.97 
at 60.1 W. For PVDF 
membrane, the cleaned flux 
ratio was almost 1.0 at 12.2 
W. Membrane damage 
occurred above 12.2 W 
[87] 
 Peptone solution Membranes: Flat sheet PS 
MWCO: 10 kDa 
Configuration: Cross-flow 
Type: Ultrasonic bath 
Frequency: 28, 45 and 
100 kHz 
Intensity: 23 W/cm2 
 
28 kHz frequency achieved 
complete water cleaning of 
the fouled membrane 
[116] 
 Diary whey Membrane: Flat sheet PS 
MWCO: 30 kDa 
Configuration: Cross-flow 
Type: Ultrasonic bath 
Frequency: 50 kHz 
Ultrasound increased the flux 
recovery up to 112% 
depending on the 
experimental conditions 
[117] 
 Peptone solution Membranes: Flat sheet PS 
and PAN (8 and 15 wt% 
PAN) 
MWCO: 10 kDa for PS  
Configuration: Cross-flow 
Type; Ultrasonic bath 
Frequency: 45 kHz  
Intensity: 2.73 W/cm2 
Permeate was fully 
recovered by sonication, 
water cleaning, and water 
cleaning under sonication 
but longer time was required 
for PS membrane 
[118] 
 1 wt% skim milk 
solution 
Membrane: Spiral wound 
PES  
MWCO: 10 kDa 
Configuration: Cross-flow 
Type: Ultrasonic bath  
Frequency: 28, 45, and 100 
kHz 
No remarkable enhancement 
of flux was observed after 
ultrasound irradiation. 
However, the cleaning 
efficiency of ultrasound and 
ethylenediamintetraacetic 
acid (EDTA) increased when 
applied altogether. The best 
results were obtained when 
mixed waveform of 
ultrasound and 3 mM EDTA 
were used together 
[119] 
 Lactic acid 
fermentation broth 
Membrane: Flat PVDF  
MWCO: 100 kDa 
Configuration: Dead-end 
Frequency: 100 kHz The normalized permeate 
flux (ratio of flux after 
cleaning to initial flux) 
reached to 97.5% when 1% 
of the mixture of sodium 
hydroxide and sodium 
hypochlorite was used with 
the assistance of 100 kHz 
ultrasound 
[120] 
 Copper (Cu)–
polyethylenimine 
(PEI) solution and 
water-oil (w/o) 
emulsions 
Membrane: Flat Amicon 
YM10 
MWCO: 10 kDa 
Configuration: Dead-end 
Type: Ultrasonic horn  
Frequency: 20 kHz 
In case of Cu-PEI solution, 
flux recovery was 30%, 50%, 
and 70% (relative to pure 
water flux) using an 
ultrasonic power of 30, 57, 
and 93 W, respectively, at 
ultrasonic horn tip height of 
20 mm. At power of 145 W 
and tip height of 65mm, 
about 30% of the flux was 
recovered for a w/o solution 
with 15% emulsification and 
w/o volume fraction of 1.0 
[121] 
 Calcium chloride 
(CaCl2) solution 
Membrane: Polluted PVDF  
Configuration: Hollow fiber 
module 
 
Type: Flat plate transducer With a synergistic effect of 
ultrasound and 2 g/L citric 
acid aqueous solution, 81% 
of flux was recovered about  
[122] 
 Diary whey Membrane: Flat sheet PS 
MWCO: 30 kDa 
Configuration: Cross-flow 
Type: Ultrasonic bath 
Frequency: 50 kHz 
Effect of ultrasound on 
NaOH chemical cleaning 
was studied. Ultrasound 
[123] 
37 
 
increased the cleaning 
efficiency under all 
experimental conditions, 
typically by 5-10% 
 BSA solution Membrane: Flat sheet PES 
MWCO: 5 and 30 kDa 
Configuration: Cross-flow 
Type: Ultrasonic bath 
Frequency: 20, 25, 30, and 
38 kHz 
Ultrasound-assisted 
chemical cleaning was 
performed using NaOH. An 
enhancement of 9-12% in 
the flux recovery was 
observed   
[124] 
 Yeast solution Membrane: Flat sheet 
cellulose acetate 
MWCO: 15-30 kDa 
Configuration: Cross-flow 
 
Type: Focused ultrasonic 
beams 
Frequency: 671 kHz 
Filtration rate was partially 
restored  
[125] 
 Reactive Black 5 
(RB5) dye solution 
Membrane: INSIDE 
CéRAM® multichannel 
tubular ceramic 
MWCO: 150 kDa 
Configuration: Cross-flow 
 
Type: Ultrasonic bath 
Frequency: 37 and 80 kHz 
and mixed wave 
The maximum predicted 
cleaning efficiency was 
32.19% under optimum 
conditions 
[126] 
Microfiltration 
(MF) 
Kraft paper mill 
effluent 
Membrane: Flat sheet nylon 
Configuration: Cross-flow 
Type: Horn transducer  
Frequency: 20 kHz 
Intensity: 82.9 W/cm2 
Cleaning efficiency was 
97.8% with ultrasound 
combined with forward 
flushing 
[101] 
 1% milk solution Membranes: Flat sheet 
cellulose 
Pore size: 0.2 μm 
Configuration: Cross-flow 
Type: Ultrasonic bath 
Frequency: 28, 45 and 
100 kHz 
Intensity: 23 W/cm2 
At 28 kHz ultrasound 
irradiation with water 
washing, flux was almost 4 
times higher compared to the 
flux obtained with water 
washing alone 
[116] 
 Peptone solution Membranes: Flat sheet 
PVDF 
Pore size: 0.2 μm  
Configuration: Cross-flow 
Type; Ultrasonic bath 
Frequency: 45 kHz  
Intensity: 2.73 W/cm2 
Permeate flux was fully 
recovered in three steps: 
sonication, water cleaning, 
and water cleaning under 
sonication  
[118] 
 Synthetic raw water Membranes: Flat PTFE 
Pore size: 0.5 μm 
Configuration: Dead-end 
 
Type: Ultrasonic probe 
Frequency: 20 kHz 
Power: 50 W 
Maximum flux recovery was 
83.24% 
[127] 
 NOM Membrane: Flat PTFE 
Pore size: 0.6 μm 
Configuration: Dead-end 
Type: Ultrasonic probe 
Power: 5 and 15 W 
Using probe distance of 2 cm 
and coagulant dose of 15 
mg/L, 45% flux recovery was 
obtained with continuous 
ultrasound irradiation for 25 
min at 15 W 
[128] 
 1 wt% milk solution Membrane: Flat sheet PVDF 
Pore size: 0.2 μm 
Configuration: Cross-flow 
Type: Ultrasonic bath 
Frequency: 28, 45, and 100 
kHz 
Combined cleaning with 3 
mMole EDTA and 28 kHz 
ultrasound irradiation 
achieved the highest 
cleaning efficiency 
[129] 
Nanofiltration 
(NF) 
Arsenic-rich 
brackish water 
Membrane: Flat aromatic 
polyamide (NF3A) 
Configuration: Cross-flow 
Type: Ultrasonic bath 
Frequency: 40 kHz 
Intensity: 1 W/cm2 
Recovery of water flux 
reached 99.99% using citric 
acid cleaning (pH of 3.0) with 
ultrasound 
[130] 
 
Some studies have investigated ultrasound-assisted chemical cleaning of membranes. For 
example, Maskooki et al. [119] carried out cleaning experiments using a combination of 
ultrasound and EDTA chelating agent. Skimmed milk solution was used as foulant solution for 
spiral wound PES UF membrane. A synergistic effect was observed when ultrasound and EDTA 
were used simultaneously. The best results were obtained when mixed waveform of ultrasound 
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and 3 mM EDTA were used together. Also, the study reported that only 5 min forward flushing 
under ultrasound and sequestering agent EDTA was sufficient and additional cleaning was 
unnecessary. Similar results were found in another study by Maskooki et al. [129] where 
synergistic effect was observed when ultrasound was used with EDTA for cleaning of PVDF MF 
membrane fouled with 1% milk solution.  
Wei et al. [122] cleaned polluted PVDF hollow fiber membranes using 2 g/L citric acid. In the 
presence of ultrasound, the permeate flux recovery increased to 81% compared to 66.3% 
recovery with 2 g/L citric acid alone. Also, Wang et al. [130] applied ultrasound-assisted citric acid 
cleaning to aromatic polyamide NF membrane. Ultrasound combined with water flushing could 
only recover the membrane water flux by around 75%. However, recovery of water flux reached 
99.99% using citric acid cleaning (pH of 3.0) combined with ultrasound. Similar synergetic effects 
have been observed with other chemical cleaning agents. Wang et al. [120] a comparative study 
for cleaning of PVDF UF membrane using deionized water, NaOH, NaClO, and a mixture of NaOH 
and NaClO in the absence and presence of ultrasound. The highest normalized permeate flux 
(97.5%) was achieved when 1% mixture of NaOH and NaClO was used with 100 kHz ultrasound 
frequency. Luján-Facundo et al. [124] and Alventosa-deLara et al. [126] also reported an increase 
in NaOH cleaning efficiency in the presence of ultrasound. 
There are several factors that influence the effectiveness of ultrasound-assisted membrane 
cleaning. Many authors have studied the effect of ultrasound frequency on the membrane 
cleaning efficiency. Similar to the case of ultrasound-assisted flux enhancement, lower ultrasound 
frequency has been reported to be more effective in membrane cleaning. Fig. 17 shows the effect 
of ultrasound frequency on water washing of PS UF membrane fouled by peptone solution [116]. 
Clearly, compared to 45 and 100 kHz frequencies, the clean water flux was almost fully recovered 
using ultrasound with 28 kHz frequency. Similarly, lower frequency was found to be more effective 
in water cleaning of PES UF membrane fouled with dextran solution [83].  
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Fig. 17. Permeate flux vs. filtration time for fouling and water washing cleaning periods of PS UF membrane 
at different ultrasound frequencies (intensity: 23 W/cm2). Fouling experiment was performed using 0.5 wt% 
peptone solution. (○ permeate flux with peptone solution, □ clean water flux, US refers to ultrasound) 
(adopted from [116]) 
 
Fig. 18. Cleaning efficiency (CEF) using 37 kHz, 80 kHz, and mixed wave mode ultrasound. Results are 
for INSIDE CéRAM® multichannel tubular ceramic membrane fouled with Reactive Black 5 (RB5) dye 
solution. Operating conditions during cleaning: cross-flow velocity of 3 m/s, temperature of 40 oC, and power 
level at 70% (adopted from [126]) 
Some authors considered the effect of mixed wave ultrasound (combination of low and high 
frequency) on the membrane cleaning efficiency. For example, Alventosa-deLara et al. [126] 
reported that higher cleaning efficiency was observed when mixed wave mode ultrasound was 
applied during water rinsing of INSIDE CéRAM® multichannel tubular ceramic membrane fouled 
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by Reactive Black 5 (RB5) dye solution (shown in Fig. 18). Similar results have been observed in 
other studies [119,129]. In the mixed wave mode, large number of small bubbles are created 
during the high frequency stage. These bubbles are then collapsed violently during the low 
frequency stage. As a result, the cleaning efficiency increases due to combined action of violent 
collapse and large number of bubbles [126].  
Few studies have focused on the effect of ultrasound power on membrane cleaning 
[87,117,123,126]. Typically, the cleaning efficiency improves with increasing the ultrasound 
power. However, very high power levels can lead to membrane damage. Besides ultrasound 
power, temperature of the cleaning solution also effects the cleaning efficiency. Li et al. [101] 
observed higher cleaning efficiency at low temperatures during ultrasound-assisted water 
cleaning of nylon MF membrane fouled by Kraft paper mill effluent (Fig. 19). However, Chai et al. 
[118] observed the opposite trend and the cleaning efficiency increased at higher temperatures 
(Fig. 20). Using aromatic polyamide NF membrane fouled by arsenic-rich brackish water, Wang 
et al. [130] reported an optimum temperature at which the ultrasound-assisted citric acid cleaning 
efficiency was maximum (Fig. 21). These conflicting results were observed since both foulant 
properties and cavitation effects depend on temperature. Cavitational collapse is more violent at 
low temperatures. However, the solution viscosity decreases at low temperatures which does not 
allow for easy formation of the cavitation bubbles. At the same time, foulant properties such as 
solubility and diffusivity are temperature dependent. Therefore, the overall effect of temperature 
on the cleaning efficiency is dictated by the relative importance of all these factors.      
 
Fig. 19. Effect of cleaning water temperature on flux recovery of nylon MF membrane fouled with Kraft 
paper mill effluent. Results shown are for ultrasound frequency of 20 kHz, intensity of 82.9 W/cm2, cross-
flow velocity of 0.125 m/s, and TMP of 50 kPa (adapted from [101]) 
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Fig. 20. Effect of cleaning water temperature on flux recovery of PS UF membrane fouled peptone solution. 
Results shown are for ultrasound frequency of 45 kHz and intensity of 2.73 W/cm2 (adapted from [118]) 
 
Fig. 21. Effect of temperature on flux recovery during ultrasound-assisted citric acid cleaning of aromatic 
polyamide NF membrane fouled with arsenic-rich brackish water. Results shown are for ultrasound 
frequency of 40 kHz and intensity of 1 W/cm2 (adapted from [130]) 
42 
 
Ultrasound-assisted cleaning efficiency also depends on TMP during the cleaning process. Some 
studies showed lower cleaning efficiency at higher TMP values [123,130] while the opposite trend 
was observed in another study [126]. These conflicting results can be explained by the effect of 
pressure on the acoustic cavitation and the foulant cake layer compression as explained in 
Section 5.1.3. 
5.3. Ultrasound in desalination pretreatment processes  
Numerous modifications to desalination membranes have been proposed in order to enhance 
their performance and thus reduce membrane fouling. Several studies have investigated the use 
of turbulence in the filtration units and its effect on improving back-transport and thus increasing 
the shear rate near the membrane surface, which would eventually lead to preventing particle 
deposition and reducing fouling [131]. The use of ultrasound technology has been proved to be 
an effective pretreatment technique for suppressing algal growth and biofilm which reduces the 
formation of biofouling on the RO/UF membranes [131-133]. Yet, studies related to the application 
of ultrasound as a sole pretreatment for membrane desalination techniques are limited and not 
fully understood. Generally, ultrasound is used for deactivating and deagglomerating bacterial 
clusters through physical, mechanical and chemical effects as a result of acoustic cavitation, 
where the cavitation bubbles produces energy to mechanically disrupt the bacteria in the feed 
solution. Few studies have shown that the application of ultrasound technology can be a powerful 
water disinfection solution, however, achieving a complete bacterial kill rates and destruction of 
pollutants using ultrasound alone would require a high ultrasonic intensities which makes it a 
relatively expensive alternative especially for large-scale microbiological decontamination [134]. 
Some microorganisms have shown significant resistant to conventional disinfection techniques 
used such as biocide, chlorination, UV light and thermal treatment, thus, ultrasound technology 
is used in combination with some of these conventional techniques and leads to significant 
reduction in the amount of bacteria in water samples [135].   
In a study conducted by Joyce et al. [134], the effect of power ultrasound on Bacillus subtilis 
activity was investigated. Bacillus subtilis produces colonies that agglomerates in spherical 
clusters which provides protection against biocide treatment. Different ultrasound frequencies and 
powers (20 - 38 kHz) and (512 - 850 kHz) were investigated on the kill rates of Bacillus species. 
Results showed that the application of ultrasound has two impacts on the activity of Bacillus 
subtilis suspensions: bacterial de-clumping and bacterial killing. The use of low frequency 
ultrasound or high power ultrasound leads to an increase in the bacterial kill rates, whereas the 
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use of high frequency ultrasound or low intensity ultrasound leads to de-clumping of bacterial cells 
with a low kill rates.  
Ultrasound can be used in combination with chlorination for reducing the number of bacterial cells 
present in water. It can also reduce the amount of chlorine used for water disinfection. According 
to Phull et al. [135] high power ultrasound is a suitable water treatment and disinfection process 
due to its ability to destruct bacterial cells, reduce the chlorine content in water efficiently (90 to 
20 mg/L within 15 min of sonication), reduce the amount of chlorine required for water disinfection, 
reduce the sewage effluents particle sizes from 40 to 1 g, and enhance the effect of conventional 
chlorination.    
Bacteria and algae growth can be controlled through a treatment process combining shear, micro-
bubbles, and high-frequency low-power ultrasound. According to Broekman et al. [136] sessile 
and planktonic biological growth can be effectively controlled due to the high stress environment 
formed by ultrasonic waves which in stabilize and reduce the biofilms formed. This treatment 
process reduces the need for chemical biocides for water disinfection and leads to achieving a 
chemical-free microbial control for water systems using low-power, high-frequency ultrasound 
waves. 
In case of UF, Koh et al. [131] successfully used ultrasound with a 20 KHz frequency in 
combination with heat treatment as a pretreatment for whey solutions: WPC80 solution and fresh 
whey solution in order to improve downstream ultrafiltration performance. Results showed that 
sonication alone had a small but significant effect on membrane fouling, however, the use of heat 
pretreatment in combination with ultrasound reduced the membrane pore blockage and foulant 
cake growth significantly especially at higher solid concentrations.  
Another study investigated the membrane filtration hybrid process combined with ultrasonication 
for dairy wastewater treatment. Kerte´sz et al. [137] and his colleagues have tested 20 and 50 
kDa molecular weight cut-off polyethersulfone ultrafiltration membranes with both continuous and 
half intermittent ultrasonic irradiation for the reduction of dairy wastewater treatment organic load. 
Results in Fig. 22 indicated that the highest average flux was attained under continuous 
ultrasonication and was pronounced clearly for the 50 kDa membrane. Four different filtration 
laws (Equations 13 - 16) were plotted against the measured data, Fig. 22 indicates that the best 
correlation among the four linearized filtration laws were attained by plotting the cake filtration. 
Complete pore blocking: 𝐽 = 𝐽0𝑒
−𝐾𝑏𝑡                                                                                          (13) 
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Gradual pore blocking:    𝐽 = 𝐽0 (1 +
1
2
𝐾𝑠(𝐴𝐽0)
0.5 𝑡)
−2
                                                               (14) 
Intermediate filtration:   𝐽 = 𝐽0(1 + 𝐾𝑖𝐴𝐽0𝑡)
−1                                                                             (15) 
Cake filtration:                  𝐽 = 𝐽0(1 + 2𝐾𝑐(𝐴𝐽0)
2 𝑡)−0.5                                                                (16) 
 
Fig. 22. Ultrafiltration membranes relative fluxes: (a) 20 kDa membrane and (b) 50 kDa membrane (adapted 
from [137]) 
Moreover, ultrasound technology can be used as a feedwater pretreatment of an RO system. In 
a study conducted by Al-juboori et al. [132]  a 55 kHz (horn type) ultrasound batch configuration 
reactor was utilized where different levels of ultrasonic intensity, pressure, temperature and 
treatment time in sonication, thermosonication and manosonication treatments were used for 
E.coli deactivation. The ultrasound treatment efficiency was evaluated based on the measured 
permeate flux as well as the biofilm formed on the RO membrane.  Results showed that the best 
E. coli disruption is attained through thermosonication treatment where 103 CFU/mL of the E. coli 
were eliminated. 
6. Challenges in industrial application of ultrasound  
Despite the effectiveness of ultrasound in enhancing flux and membrane cleaning, practical 
application of ultrasound in membrane-based separation processes is faced by some key 
challenges. One of these major challenges is related to membrane damage. Upon exposure to 
ultrasound, the membrane may be susceptible to damage owing to extreme cavitational collapse 
depending on the frequency and power intensity of the ultrasound and the irradiation time period. 
Some studies have reported membrane damage and loss of membrane integrity upon exposure 
to ultrasound [84,95,122,138,139]. The power intensity of ultrasound must be controlled to 
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minimize both membrane damage and energy consumption. Masselin et al. [138] conducted a 
detailed study on the effect of 47 kHz ultrasound on polymeric membranes. Three types of 
polymeric membranes were used: PES (MWCO: 3, 10, 30, and 100 kDa), PVDF (MWCO: 40 
kDa), and polyacrylonitrile (PAN) (MWCO: 40 and 50 kDa). After a total ultrasonic treatment 
duration of 2 h, only PES membranes were found to be affected over the entire surface while PAN 
(50 kDa) and PVDF (40 kDa) were affected only on the edges. All membrane, except PAN (40 
kDa), exhibited large variations in water permeability with membrane degradation mostly 
occurring within the first 5 min of ultrasound exposure. Fig. 23 shows the microscopic images of 
the PES (100 kDa) membrane after 2 h of ultrasound treatment.  
Wang et al. [139] studied the effect of 40 kHz ultrasound on polymeric MF membranes. The 
membranes included PES, nylon 6 (N6), mixed ester of cellulose nitrate and cellulose acetate 
(CN-CA), and PVDF. At power intensity of 2.13 W/cm2, all membranes except PVDF exhibited 
some degree of damage resulting in increased water flux after 60 min of exposure to ultrasound. 
PVDF membrane only exhibited damage at an intensity of 3.7 W/cm2 after 90 min exposure. Chen 
et al. [95] also reported damage to ceramic AnodiscTM γ-Al2O3 membrane after 5 min of sonication 
at 20 kHz. The damage was observed in the form of pitting on the membrane surface caused by 
shock waves and microjets. Wei et al. [122] reported that PVDF hollow fiber UF membrane was 
damaged within 6 min after exposure to ultrasound with 8.68 kW/m2 power intensity. The number 
of studies on ultrasound-induced membrane damage are limited. Different membrane materials 
have different resistance to damage during ultrasonic treatment. As a result, further experimental 
work is required to evaluate the effect of ultrasound on the integrity of membranes composed of 
different materials.  
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Fig. 23. Microscopic images of PES (100 kDa) membrane after 2 h treatment with 47 kHz ultrasound (a) 
membrane surface at magnification of 80,000 (b) highly damaged area under magnification of 550 (adapted 
from [138]) 
Industrialization of ultrasound-assisted membrane processes is another key challenge. Almost all 
studies on the use of ultrasound for flux enhancement and membrane cleaning have been 
conducted using laboratory-scale cross-flow units. Despite the large number of such studies, 
successful commercial application of ultrasound technology requires detailed studies on large-
scale membrane processes which are essentially non-existent. This necessitates research 
investigations into the effectiveness of ultrasound in flux enhancement and cleaning of full scale 
membrane modules. 
Although there is no scientific or research disagreement that ultrasound is promising in enhancing 
flux and membrane cleaning, the economic effectiveness and feasibility is a challenge that still 
needs to be addressed. Depending on the operating conditions, the ultrasound power 
requirements may be high enough to limit its applicability on an industrial scale. However, so far, 
there are no studies on the economics of the ultrasound-assisted membrane-based or membrane 
cleaning processes. The economic feasibility of ultrasound-assisted flux enhancement and 
membrane cleaning, therefore, requires immediate attention. 
The source of ultrasound presents another key challenge in successful application of ultrasound 
in large-scale membrane processes. Most studies have relied on the use of ultrasonic baths, 
probes, or horns. All of these ultrasound sources are likely to be ineffective in large-scale 
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applications. Therefore, investigations on ultrasound transducer technologies are highly 
important. 
Further experimental work is required to study the effectiveness of ultrasound in flux enhancement 
and cleaning of different types of membrane modules. Most studies have focused only on flat 
sheet membranes while only few studies have used hollow fiber or spiral wound membranes 
where ultrasound application is more tedious owing to the membrane configuration. There is also 
a research gap in studying the effect of ultrasound on flux enhancement and cleaning of 
membranes other than MF and UF membranes. Lack of such important studies poses a serious 
challenge to the adoption of ultrasound-assisted membrane processes on industrial scale. 
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7. Concluding remarks  
This review paper summarizes the major research efforts related to ultrasound-assisted flux 
enhancement and membrane cleaning. Based on the experimental results reviewed in this study, 
ultrasound appears to be an effective means of flux enhancement and membrane cleaning since 
it possesses a unique ability to generate special chemical and physical effects that can remove 
foulants from the membrane surface. However, ultrasound application cannot produce significant 
influence on pore blockage and is only limited to external fouling. Despite its effectiveness in flux 
enhancement and membrane cleaning, ultrasound-assisted membrane technology is still in its 
infancy owing to some serious limitations. These limitations include large-scale application, lack 
of suitable transducers, and lack of data on economic feasibility. Further research investigations 
are required to study the effect of ultrasound on membrane damage, evaluate the effectiveness 
of ultrasound application for membranes other than flat-sheet type, and analyze the economics 
of ultrasound-assisted membrane processes.  
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